Transport systems that mediate glutathione (GSH) efflux from hepatocytes into blood plasma and bile have been characterized extensively in sinusoidal and canalicular membrane vesicles, and recent reports describe two candidate GSH transport proteins: the rat sinusoidal GSH transporter (RsGshT) and rat canalicular GSH transporter (RcGshT). However, studies in our laboratory have been unable to confirm the function of these gene products. Xenopus laevis oocytes injected with either rat liver mRNA, the cRNA for RcGshT or the cRNA for RsGshT did not transport GSH at a higher rate than water-injected oocytes, when measured either as 3H-GSH uptake or efflux, at low or high GSH concentrations, or in the presence or absence of acivicin to inhibit y-glutamyltransferase activity. In contrast, transport of 3H-taurocholate was markedly accelerated in oocytes injected with rat liver mRNA or the cRNA for the Na+-taurocholate cotransporting polypeptide (Ntcp), confirming the integrity of the mRNA and the viability of the oocytes. Northern blot analysis failed to detect an RcGshT transcript in rat liver total RNA or rat liver mRNA. Of significance, the RcGshT and RsGshT cDNA sequences are similar to those found in the Escherichia coli K-12 genome, indicating possible cloning artifacts. Further studies are needed to resolve this discrepancy, and to isolate and characterize hepatic GSH transport proteins.
INTRODUCTION
Most of the glutathione (GSH)b synthesized within hepatocytes, a major site of synthesis of this tripeptide [1] [2] [3] , is subsequently transported across the apical (canalicular) membrane into bile, and across the basolateral (sinusoidal) plasma membrane into blood for delivery to other tissues. GSH transport into bile functions as a driving force for bile secretion [4, 5] and plays a role in hepatic detoxification [6, 7] , whereas transport into blood is important in supplying GSH and its constituent amino acids to extrahepatic cells. [2, [8] [9] [10] [11] .
Three hepatic GSH efflux mechanisms have been described. Low-affinity, high capacity systems are present in canalicular and sinusoidal membranes with Km of -16 and -6 mM, respectively [8, 12] . In addition, a high-affintiy, low capacity system is present in the canalicular membrane with a Km of -0.2 mM [12] . The low affinity systems are selective for GSH, wheras the high affinity system may function to transport glutathione S-conjugate into bile [12] . Both canalicular and sinusoidal GSH transporters are electrogenic carriers [12] [13] [14] .
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Recent reports described possible cDNA clones for the low-affinity sinusoidal and canalicular GSH transporters [15, 16] . These proteins were termed RcGshT and RsGshT for rat canalicular and sinusoidal GSH transporters, respectively [15, 16] . The RsGshT clone of -2.8 kb encodes a protein of approximately 40 kD, whereas the RcGshT clone of 4.0 kb translates into a 96 kD protein [15, 16] . Distinctions between the canalicular and sinusoidal transporters include differential sensitivity to transport inhibitors: bromosulfophthalein-glutathione conjugate (BSP-SG), methionine, and cystathionine selectively inhibit sinusoidal GSH transport without affecting canalicular transport [17] [18] [19] [20] [21] , and phenobarbital leads to an increase of canalicular transport alone [22, 23] . RcGshT and RsGshT transport GSH bidirectionally; both proteins are able to uptake and efflux GSH [8] . However, under physiological conditions they are thought to transport GSH down its concentration gradient: i.e., efflux [8] .
The present study re-evaluates the functional role of these two putative GSH transporters using the Xenopus laevis oocytes expression system under the same conditions as in the original reports. However, our results are not in accordance with the previous reports.
MATERIALS AND Total RNA from 4-5 g of rat liver was prepared using the guanidinium thiocyanate/ cesium chloride method [24] . mRNA was purified by chromatography with oligo(dT)-cellulose using an mRNA purification kit (Pharmacia Biotech, Piscataway, NJ). The OD260 was used to calculate RNA concentration, and the OD280 was used as an index of protein contamination. The mRNA was also examined by formaldehyde-agarose gel electrophoresis. cRNAs for RcGshT and Ntcp were synthesized using a mMESSAGE mMACHINE in vitro transcription kit (Ambion, Austin, TX). Oocytes isolation and microinjection Isolation of Xenopus laevis oocytes was performed as previously described [25, 26] (Figure IA) , confirming previous findings [27] , and demonstrating the integrity of the mRNA and viability of the oocytes. In contrast, parallel experiments that examined GSH uptake and efflux demonstrated only a small (not significant) enhancement of 3H-GSH transport in mRNA-injected oocytes (Figure iB) . These results differ from previous reports [15, 16, 28] . Of importance, the basal (i.e., endogenous) GSH transport rate in oocytes was high, -130 pmol/oocyte/h, in agreement with our previous findings [25] . This high endogenous GSH transport rate may have masked any transport induced by injecting rat liver mRNA. GSH transport was also measured in oocytes that were not pretreated acivicin, and at higher (20 mM) and lower (2.5 mM) GSH To address this issue, additional studies examined GSH transport in oocytes injected with the cRNAs for RcGshT and RsGshT (Figure 2) . Expression of Ntcp cRNA was used as a positive control for these studies. Oocytes injected with 0.5 ng of Ntcp cRNA demonstrated a high rate of taurocholate transport, as expected [27] . However, oocytes injected with the cRNAs for RcGshT and RsGshT did not transport GSH at a higher rate than water-injected oocytes (Figure 2 ). Increasing the amount of cRNA injected to 10 ng/oocyte did not stimulate GSH uptake or efflux (Figure 2 ). In the latter experiment, GSH efflux in oocytes injected with RsGshT cRNA or rat liver mRNA was not measured.
Northern blot analysis using a 1 kb RcGshT cDNA probe failed to detect a transcript in 16.5 jg of rat liver total RNA or 8.5 jig of rat liver mRNA ( Figure 3A) , indicating that the transcript is either absent, or present in very low amounts in rat liver. The probe did react with 4.5 ng of the cRNA for RcGshT (lane "a" of Figure 3A) . In contrast to RcGshT, a 1.7-kb Ntcp transcript was detected using 16.5 jg of rat liver total RNA and 6.0 jg of mRNA ( Figure 3B ), as expected [27] .
When a partial sequence of RcGshT cDNA was obtained and compared with other published sequences (BLAST search), the results revealed that it was essentially identical with a sequence found in the E. coli K-12 genome (Table 1) . Interestingly, the published RcGshT sequence is slightly different from our sequence; however, a high degree of homology also exists between the published RcGshT cDNA sequence and the E. coli K-12 genome (Table 1) .
Furthermore, the published sequence for RsGshT cDNA also has a high degree of homology with the E. coli K-12 genome, but the homologous region is different from that of RcGshT (BLAST search; data not shown). The observed high degree of similarity with the bacterial DNA indicates that RcGshT and RsGshT are possible cloning artifacts. [25] , which hinders detection of heterologously expressed GSH transporters from rat liver mRNA. Previous studies in our laboratory reveal that the endogenous GSH efflux mechanisms in oocytes is sensitive to cellular ATP depletion, with an apparent Km of -5 mM [25] . In contrast to GSH, the endogenous transport of the bile acid taurocholate is low in oocytes, and injection of rat liver mRNA markedly increases taurocholate transport when compared to water-injected controls [27] (Figure 1) .
The present findings also do not support a role for RcGshT and RsGshT in mediating GSH transport. Injection of the cRNA for RcGshT or RsGshT failed to stimulate GSH transport. GSH transport was measured both in the efflux and uptake modes, in the presence and absence of acivicin, and in the presence of varying GSH concentrations (2.5, 10 and 20 mM), but no difference in transport between water-and cRNA-injected oocytes was detected. This contrasts with previous reports indicating avid GSH transport by these putative GSH transporters [15, 16, 29] . Previous studies also demonstrated an apparent concentrative (i.e., uphill) transport of GSH by RcGshT and RsGshT [15, 16, 29] . The reported rates of GSH uptake of -28-40 nmol/oocyte/hr [15, 16, 29] correspond to intracellular GSH concentrations of approximately 56-80 mM, as compared to 10 mM GSH in the culture medium. This concentrative GSH transport is inconsistent with the present knowledge of electrogenic and bidirectional GSH transport down its concentration gradient [8, 13, 14, [29] [30] [31] .
Furthermore, Northern blot analysis did not detect an RcGshT transcript in either rat liver total RNA or rat liver mRNA, suggesting that the transcript is either absent or present below detection level. However, after sequencing a portion of the RcGshT cDNA and comparing it with other published sequences, the result closely matched with a sequence found in the E. coli K-12 genome. Interestingly, the published sequence for the sinusoidal transporter, RsGshT, [16] also has high sequence identity with the E. coli K-12 genome, although with a different portion of the genome. The RcGshT and RsGshT cDNA sequences were published prior to the publication of the homologous sequences found in the E. coli K-12 genome. This high degree of sequence identity is not likely to exist between bacterial and mammalian systems and indicates a possible cloning artifact. Lu et al. [32] recently indicated that these putative genes for GSH transporters may be cloning artifacts, in agreement with our present findings.
In conclusion, highly homologous sequences to RcGshT and RsGshT are found in the E. coli genome. The function of these gene products in E. coli is not known. The present findings demonstrate that RcGshT and RsGshT are not involved in GSH transport. Additional studies are needed to resolve the discrepancy between the present findings and those ofYi et al. [15, 16] , and to isolate and characterize mammalian canalicular and sinusoidal GSH transporters.
